Int J Life Cycle Assess (2014) 19:1238-1246 
DOI 10.1007/s 11367-014-0725-2 


LCA FOR AGRICULTURAL PRACTICES AND BIOBASED INDUSTRIAL PRODUCTS 


A preliminary LCA case study: comparison of different pathways 
to produce purified terephthalic acid suitable for synthesis 
of 100 % bio-based PET 

Yasuhiko Akanuma • Susan E. M. Selke • Rafael Auras 


Received: 4 June 2013 / Accepted: 13 February 2014 / Published online: 25 February 2014 
© Springer-Verlag Berlin Heidelberg 2014 


Abstract 

Purpose This study provides a preliminary comparison of the 
environmental burdens of three different pathways for pro¬ 
duction of bio-based purified terephthalic acid (PTA), suitable 
for the production of 100 % bio-based polyethylene tere- 
phthalate), PET These pathways are through (1) muconic acid 
originating in wheat stover; (2) isobutanol originating in com; 
and (3) benzene, toluene, and xylene (BTX) originating in 
poplar. The goal is to point out what areas of these processes 
are the largest environmental contributors and hence are the 
most critical for development of accurate primary data, as well 
as to indicate which of these pathways looks most promising, 
from an environmental viewpoint, for production of 100 % 
bio-based PET 

Methods Because much of the needed life cycle information 
to produce PTA is currently not available, inventory data for 
each scenario for the production of PTA were estimated based 
on the chemistry involved. In the impact analysis stage, the 
inventory data were classified and characterized with a focus 
on several environmental midpoint categories. SimaPro 7.3.3 
software was used as the main computational software and 
Impact 2002+ v2.1 was used as the life cycle impact assess¬ 
ment methodology in this attributional life cycle assessment. 
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Results and discussion Valuable preliminary environmental 
impact data including identification of critical steps in the pro¬ 
cess were obtained. The global warming value of PET synthe¬ 
sized through the muconic acid scenario was 1.6 times larger 
than that of the scenario of PET synthesized through BTX even 
after a limited Monte Carlo simulation of 1,000 mns. 
Conclusions Among the three scenarios for producing PET, 
PET synthesized through BTX looked the most promising to 
pursue for production of bio-based PET with lower environ¬ 
mental burdens. This work also indicated that the first pro¬ 
duction steps of producing PET through any of the evaluated 
scenarios (from biomass to the first intermediate) are respon¬ 
sible for the largest environmental burden and should be 
further characterized since they were the dominant processes 
in many impact categories. 

Keywords Bio-based • Isobutanol • Muconic acid • 
Polyethylene terephthalate • Terephthalic acid • Toluene and 
xylene 

1 Introduction 

Life cycle assessment (LCA) is known as one of the most 
effective tools for evaluating the tradeoffs between environ¬ 
mental impacts and human activity. LCA can assess the envi¬ 
ronmental burdens for all life cycle stages of a product from 
material extraction to the factory gate (cradle to gate) or to 
final disposal and recycling (cradle to grave) (Handbook 
2010). Interest in applying LCA has increased substantially, 
particularly in the packaging industry, due to recent sustain¬ 
ability initiatives and concerns (Dobon et al. 2011a, b). Each 
brand owner and/or producer of a product/package system 
must be responsible for managing the entire environmental 
burden of the production process (Lifset et al. 2013). Various 
approaches, including weight reduction and the use of 
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recycled materials for packages, are used to reduce environ¬ 
mental burdens (Albrecht et al. 2013; Mirabella et al. 2013; 
Kang et al. 2013). Material used to produce the primary, 
secondary, and tertiary packaging systems and their end-of- 
life scenarios can have a large impact in the environmental 
footprint of product-package systems such as dairy milk (Eide 
2002; Gonzalez-Garcia et al. 2012, bacon (Kang et al. 2013), 
seafood (Zufia and Arana 2008), strawberries (Madival et al. 
2009), and the wine industry (Gazulla et al. 2010; Pattara et al. 
2012 ). 

Recently, some companies have tried to move from fossil- 
based resources to renewable resources for their products and 
production processes. Various bio-based polymeric packaging 
materials have been investigated and reported. Narayan et al. 
analyzed the LCA of starch-based polymers based on energy 
used for production, and compared the results with those of 
petrochemical-based polymers (Narayan and Patel 2003). 
Vink et al. focused on measuring the environmental sustain¬ 
ability and identifying environmental performance- 
improvement objectives for Nature Works™ PLA (Vink 
et al. 2007). Kim and Dale estimated the environmental im¬ 
pact of polyhydroxybutyrate (PHB) derived from com, and 
reported that it could reduce GHG emissions and energy 
consumption compared to petroleum-derived polymers (Kim 
and Dale 2008). Muska and Alles (2005) and Sunkara (2008) 
reported on 1,3-propanediol from com as a feedstock chemi¬ 
cal for polymers for various markets, including packaging, 
and Alles et al. (2010) discussed proper accounting for bio¬ 
genic carbon in feedstock materials. 

One of the most extensively used plastic packaging mate¬ 
rials, especially for bottles and trays, is polyethylene tere- 
phthalate (PET) (Arena et al. 2003; Romero-Hernandez et al. 
2008; Shen et al. 2011; Foolmaun and Ramjeeawon 2012; 
Kuczenski and Geyer 2012). PET is synthesized by an ester¬ 
ification reaction between about 70 % by mass purified 
terephthalic acid (PTA) and about 30 % monoethylene glycol 
(MEG), with water as the byproduct of this poly condensation 
reaction. Conventionally, chemicals derived from petroleum 
resources are used to synthesize PET. Following the conden¬ 
sation polymerization, the molecular weight is increased by 
solid stating, in which the dried and crystallized resin chips 
from the original polymerization are subjected to high tem¬ 
perature and vacuum (Selke et al. 2004; Kang et al. 2011). 

Production of MEG from renewable resources has already 
been accomplished by several material suppliers, enabling 
some brand owners to use bio-based PET, although no pub¬ 
lished LCA reports are available yet (Tuck et al. 2012). 
However, this limits the present bio-based PET bottle to about 
30 % bio-based material. MEG is produced from ethylene by 
way of an intermediate substance (ethylene oxide). Ethylene 
can be produced through the dehydration of ethanol, or 
through the thermolysis of naphtha. For bio-based MEG, these 
C 2 containing compounds are made from cereal crops, sugar 


crops or lignocellulosic biomass (Tuck et al. 2012). For the 
purposes of this study, bio-based MEG was modeled as made 
from com as the feedstock. 

Traditionally, PTA has been produced mainly by oxidation 
of para-xylene. Several companies are now developing bio¬ 
based PTA through various production methods, using glu¬ 
cose, sugar, lignocellulose, or algae as biomass resources 
(Tuck et al. 2012). There are three main pathways for future 
commercial production of bio-based PTA (Jong et al. 2012) 
utilizing (1) muconic acid; (2) isobutanol; or (3) benzene, 
toluene, and xylene (BTX) as the process intermediates. In 
this study, a preliminary LCA of producing 100 % bio-based 
PET resin was conducted using chemically based estimation 
of environmental life cycle inventory data, since actual pro¬ 
cess life cycle inventory (LCI) data is not available. Differing 
feedstocks were used in this preliminary study for the three 
chemical routes: wheat stover for the muconic acid pathway, 
sugar from com for the isobutanol pathway, and poplar wood 
chips for the BTX pathway. The very limited data available, 
even for chemically based estimation, did not permit separa¬ 
tion of the feedstock-specific inventory data from the inven¬ 
tory data for the initial process step. 

Ideally, LCA comparisons between process alternatives are 
based on current data for commercial-scale processes. 
However, processes for production of bio-based PTA are not 
yet commercial, so this is not feasible. Because there are three 
distinct chemical pathways that are currently competing, and 
which are likely to have distinctly different environmental 
profiles, there is value in using chemically based estimation 
to provide a preliminary indication of which of these alterna¬ 
tives appear to be most promising from an environmental 
viewpoint. Additionally, such a study can help identify which 
parts of the production process appear to be the largest con¬ 
tributors to impacts of concern, so are most important to 
accurately characterize. Those are the aims of this study. 

2 Methods 

The goal of this initial LCA study was to compare the envi¬ 
ronmental burdens of bio-based PET resin with three different 
PTA production method scenarios: pathways through (1) 
muconic acid, (2) isobutanol, and (3) BTX as intermediates. 
Because this is a preliminary study, an important goal was to 
determine which pathway looks most promising from an 
environmental impact viewpoint, and what areas of the pro¬ 
duction process are large contributors and therefore are most 
important to accurately characterize. PET resin (1 kg) was 
chosen as the functional unit in this attributional cradle-to-gate 
study. Subsequent processes such as bottle blowing and as¬ 
sembly are identical to those used for petro-based PET, so 
were excluded from this study. SimaPro 7.3.3 software was 
used for modeling and computations. 
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In accordance with ISO 14044 requirements (ISO 14044, 
2006), after the definition of system boundaries and objec¬ 
tives, data were collected in the LCI stage. Data sources 
included LCI databases, peer-reviewed literature, and patents. 
In a number of cases, no LCI data was available for some of 
the required processes, so estimations based on similar chem¬ 
ical reactions and material processes were used. In selection of 
appropriate benchmark processes, selection of the same chem¬ 
ical reaction process was given the highest priority, since the 
type of chemical production process, including its energy 
requirements and efficiency, is strongly related to the chemical 
reaction type. Material inputs were scaled in proportion to the 
relative reaction stoichiometry of the benchmark processes. 
Operational energies, however, were scaled in proportion to 
the mass of the output materials as the energy required to 
operate chemical production processes is typically much larg¬ 
er than the energy involved in the chemical reaction itself. 
Detailed LCI data calculation processes used in this study can 
be found elsewhere (Akanuma 2013) and are explained in 
further detail in the supporting materials available online. 

Because of the preliminary nature of this study, in the life 
cycle impact assessment (LCIA) stage, the analysis was limited 
to the following indicators: global warming, terrestrial 
acidification/nutrification, aquatic acidification, aquatic eutro¬ 
phication, nonrenewable energy, and mineral extraction. Global 
warming and nonrenewable energy were selected because of 
their importance and because collected data for these invento¬ 
ries is more robust than for many other impact categories. 
Mineral extraction, terrestrial acidification/nitrification, aquatic 
acidification, and aquatic eutrophication were chosen as these 
indicators are sensitive to differences between mineral- and bio¬ 
based production systems. Land use was not included due to 
lack of data. US LCI data was used where available, and the US 
electricity mix was used for all electrical energy. IMPACT 
2002+ v2.1 (Jolliet et al. 2003) was selected as the LCIA 
method as it provides the selected midpoint indicators. 
Adding other LCIA methods can often provide useful insights, 
but was not considered warranted in this case, as a primary goal 
was to suggest areas for more detailed data development. 

2.1 System boundaries 

Figure 1 shows a summary of the products and processes 
considered for the purpose of this LCA study. The boxed 
arrows on the left indicate the manufacturing input. The 
arrows on the right stand for the outputs (including by¬ 
products). Although all emissions into the environment were 
included to the extent that data was available, the processes of 
capital equipment and maintenance, transportation of raw and 
processed materials, human labor, and other utilities, were 
excluded to concentrate on the production processes. 

Since in some process steps, by-products are generated that 
are not used in later processes in this study, allocation was 


based on generated mass ratios unless the data sources had 
already applied their own allocation rule. In such cases, the 
allocation rule already applied was maintained. For example, 
economic allocation was used for DDGS (dried distillers 
grains with solubles) in the “ethanol, 95 % in H20, from com, 
at distillery/US U” data from Ecoinvent v2.0. 

2.2 Data and data quality requirements 

Data were obtained from the Ecoinvent v2.0, US-EI, and U.S. 
LCI databases. These data were from the past 10 years and 
based on current commercial scale operations. If non-US data 
were used, the US electricity mix was substituted. Some data 
was estimated from literature. In other cases, no specific 
inventory data was available so data were estimated based 
on information about related commercial scale processes (with 
the same or similar chemical reactions). Consistency and 
completeness checks for mass and energy balance results were 
conducted, and the quality of each dataset was evaluated with 
the use of a pedigree matrix. Details are discussed in the 
following section, with additional information in the 
Electronic supplementary material available online and in 
Akanuma (2013). 

2.3 Material production 

As shown in Fig. 2, three different scenarios were modeled for 
bio-based PTA production. These were coupled with one 
scenario for bio-based MEG production for production of 
bio-based PET. 

2.3.1 PTA synthesis through the muconic acid pathway 
scenario 

In this scenario, wheat stover (containing lignin) is the 
feedstock (Fig. 2). Lignin is an aromatic polymer that can 
be fermented to produce muconic acid. Since LCI data for 
this process are not available in databases, estimation was 
used. Van Duuren et al. (2011) provide an LCA from various 
raw materials to adipic acid. The adipic acid in this process 
was produced by hydrogenation of muconic acid under 
slightly elevated pressure (350 MPa). We assumed that the 
LCI data excluding the hydrogenation and later processes 
represents the LCI data for the raw material (wheat stover) to 
muconic acid stages. The obtained muconic acid is then con¬ 
verted into cyclohexa-2,5-diene-l,4-dicarboxylate using a 
Diels-Alder process (Burk et al. 2011). Muconic acid and 
acetylene are charged in a lab scale Parr reactor, and the reactor 
is then heated to 200 °C and held at this temperature for 12 h, at 
an initial pressure of 3.5 MPa (500 psi). Since no LCI data for 
this step were available, estimation was used based on the 
benchmark process of production of cyclohexane from ben¬ 
zene through a Diels-Alder reaction. Although acetylene can 
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be produced from bio-based sources, no LCI data were 
found, so LCI data for petroleum-based acetylene were 
substituted. 

Cyclohexa-2,5-diene-1,4-dicarboxylate is then converted 
into TPA by dehydrogenation and purification. To estimate 
the LCI data, the process of dehydrogenation of xylene to TPA 
and its purification to PTA was used as the benchmark. Further 


details are provided in the supporting material available online 
and in Akanuma (2013). 

2.3.2 PTA synthesis through the isobutanol pathway scenario 

In this scenario, raw material containing glucose from com is 
the feedstock (Fig. 2). Specific yeasts, which produce bio- 
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ethanol from a carbon source, can be modified to produce 
isobutanol via dry milling followed by fermentation 
(Feldman et al. 2011; Buelter et al. 2012). Since no LCI data 
were available for many of the steps for this pathway, it was 
necessary to estimate LCI data based on benchmark processes 
for many of these steps. Estimation for the initial glucose to 
isobutanol fermentation was based on fermentation of glu¬ 
cose to ethanol. 

Isobutanol is then converted into isobutylene by dehydra¬ 
tion. Dehydration of ethanol to ethylene, based on process 
data from Lip tow et al. (2012), was used as the benchmark for 
this step. Isobutylene is then converted into isooctene by 
dimerization and hydrogenation; production of isooctene from 
C 4 components was used as the benchmark (Croezen et al. 
2006, 2009). Isooctene is then converted into isooctane by 
hydrogenation; production of /?-heptane from 1-heptene was 
used as the benchmark. Isooctane is then converted into para- 
xylene by dehydrocyclization; production of toluene from n- 
heptane was selected as the benchmark. Para-xylene is then 
converted into PTA by oxidation and purification; data was 
available from Ecoinvent for this step. 

2.3.3 PTA synthesis through the BTXpathway scenario 

In this scenario, bio-oil is produced from biomass (poplar) 
through fast pyrolysis in a CFB reactor (Iribarren et al. 2012). 
Next, catalytic upgrading with a zeolite catalyst is used to 
produce a BTX mix (Huber et al. 2006). 

Extractive distillation of BTX produces a xylene mixture, 
which is converted into para-xylene by an adsorption, separa¬ 
tion, and isomerization process. Para-xylene is converted into 
PTA by oxidation and purification. LCI data for BTX produc¬ 
tion were estimated from Iribarren et al. (2012). LCI data for 
extractive distillation of BTX were obtained assuming use of 
the sulfolane process (Meyers 2003). Data for the remaining 
steps were obtained from Ecoinvent. 

2.3.4 MEG synthesis scenario 

All three scenarios include the same MEG synthesis process¬ 
es. The raw material, com, is converted into C 6 sugar by 
fractionation and hydrolysis, and then converted to ethanol 
by fermentation. Ethanol is dehydrated into ethylene, and then 
oxidized and hydrated into MEG. Data for all process steps 
were obtained from Ecoinvent. 

2.3.5 PET resin production 

PET resin is obtained through condensation polymerization of 
MEG and PTA. The PET resin goes through additional poly¬ 
merization in the solid state in order to increase its viscosity 
and yield bottle grade resin (Algeri and Rovaglio 2004). LCI 
data for all process steps were obtained from Ecoinvent. 


3 Results and discussion 

The IMPACT 2002+ V2.1 impact categories considered in 
this study were global warming, terrestrial acidification/ 
nutrification, aquatic acidification, aquatic eutrophication, 
nonrenewable energy, and mineral extraction. Table 1 shows 
environmental impacts by process step for PET produced 
using each PTA pathway. 

PTA production has the largest impact, for all PTA produc¬ 
tion scenarios, in the global warming, nonrenewable energy, 
terrestrial acidification/nitrification, aquatic acidification, and 
mineral extraction categories. For aquatic eutrophication, 
MEG production dominates in the muconic acid and BTX 
scenarios, but PTA production dominates in the isobutanol 
scenario. Production of com, with associated irrigation and 
fertilization, is the primary contributor to aquatic eutrophica¬ 
tion. In nearly all cases, step 1 of the PTA scenarios (the 
feedstock and initial chemical conversion step) is the largest 
contributor to the PTA impact. Step 3 in the BTX pathway, 
conversion of the xylene mix to PTA, has a larger impact than 
step 1 in the aquatic eutrophication and nonrenewable energy 
categories. 

Figure 3 shows a comparison of the impact assessment 
results for the 3 100 % bio-based PET scenarios along with 
those for 100 % petro-based PET resin (using data from 
Ecoinvent v2.0 for MEG and PTA from petroleum resources) 
and PET from bio-based MEG and petro-based PTA. As a 
benchmark, the results from the 100 % petroleum-based PET 
resin scenario were compared with previous studies. The 
value for aquatic acidification was 13 g eq S0 2 , which is close 
to the literature value of 11 reported by Madival et al. (2009). 
The global warming value of 3,000 g eq C0 2 was very close 
to the value of 2,800 reported by Franklin Associates (2010). 

The mineral extraction values for the 100 % bio-based resin 
scenarios were lower than those of petroleum-based resin, as 
expected. The BTX PTA scenario had the smallest mineral 
extraction values, followed by the butanol and muconic acid 
scenarios, in that order. For nonrenewable energy, the 100 % 
bio-based resins also had lower impact than the petroleum- 
based resin. The BTX and isobutanol scenarios had lower 
nonrenewable energy use than the partially bio-based PET, 
but the muconic acid-based PTA scenario had larger nonre¬ 
newable energy use. The feedstock transition from petroleum 
to bio-based appeared to increase, rather than reduce, the 
environmental impacts in the other categories. However, be¬ 
cause the data used in this study depended heavily on estima¬ 
tion, it is premature to conclude that there are no benefits in 
these categories from the change in feedstock. Rather, the 
results show that such benefits cannot be assumed. Accurate 
data for production-scale processes is required before defini¬ 
tive conclusions can be drawn. 

In all categories, the BTX scenario had lower impacts than 
the butanol and muconic acid scenarios. The butanol scenario 
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Table 1 Summary of midpoint 
category values by process step 
for the production of PET resin. 
Process steps are described in 
Fig. 2 


Impact category 

Process step 

Scenario 1 from wheat 
stover via muconic acid 

Scenario 2 from 
com via butanol 

Scenario 3 from 
poplar via BTX 

Terrestrial acidification/ 

MEG synthesis 

2.95E-02 

2.95E-02 

2.95E-02 

nutrification kg S0 2 eq 

PTA step 1 

7.88E-02 

8.21E-02 

1.99E-02 


PTA step 2 

7.30E-03 

9.83E-03 

2.41E-03 


PTA step 3 

4.65E-03 

1.88E-03 

941E-03 


PTA step 4 

— 

6.39E-04 

— 


PTA step 5 

— 

1.09E-03 

— 


PTA step 6 

— 

4.65E-03 

— 


PET synthesis 

7.19E-03 

7.19E-03 

7.19E-03 


Total 

1.27E-01 

1.37E-01 

6.84E-02 

Aquatic acidification 

MEG synthesis 

547E-03 

547E-03 

547E-03 

kg S0 2 eq 

PTA step 1 

2.28E-02 

1.31E-02 

7.32E-03 


PTA step 2 

3.07E-03 

1.87E-03 

1.01E-03 


PTA step 3 

1.16E-03 

6.78E-04 

3.84E-03 


PTA step 4 

— 

2.99E-04 

— 


PTA step 5 

— 

9.04E-04 

— 


PTA step 6 

— 

1.16E-03 

— 


PET synthesis 

2.81E-03 

2.81E-03 

2.81E-03 


Total 

3.53E-02 

2.62E-02 

2.05E-02 

Aquatic eutrophication 

MEG synthesis 

8.09E-04 

8.09E-04 

8.09E-04 

kg P04 P4im 

PTA step 1 

6.08E-04 

2.29E-03 

643E-06 


PTA step 2 

3.92E-06 

4.73E-05 

1.14E-06 


PTA step 3 

4.19E-05 

6.91E-06 

4.41E-05 


PTA step 4 

— 

3.37E-07 

— 


PTA step 5 

— 

9.64E-07 

— 


PTA step 6 

— 

4.19E-05 

— 


PET synthesis 

8.80E-05 

8.80E-05 

8.80E-05 


Total 

1.55E-03 

3.29E-03 

948E-04 

Global warming 

MEG synthesis 

7.90E-01 

7.90E-01 

7.90E-01 

kg C0 2 eq 

PTA step 1 

4.85E+00 

3.79E+00 

2.07E+00 


PTA step 2 

449E-01 

6.71E-01 

E44E-01 


PTA step 3 

3.74E-01 

4.84E-01 

6.76E-01 


PTA step 4 

— 

3.90E-02 

— 


PTA step 5 

— 

2.46E-02 

— 


PTA step 6 

— 

3.74E-01 

— 


PET synthesis 

6.33E-01 

6.33E-01 

6.33E-01 


Total 

7.10E+00 

6.81E+00 

4.31E+00 

Nonrenewable energy 

MEG synthesis 

1.08E+01 

1.08E+01 

1.08E+01 

MJ primary energy 

PTA step 1 

4.58E+01 

2.19E+01 

1.14E+01 


PTA step 2 

7.50E+00 

8.31E+00 

2.39E+00 


PTA step 3 

6.94E+00 

5.06E+00 

E23E+01 


PTA step 4 

— 

1.36E+00 

— 


PTA step 5 

— 

1.93E+00 

— 


PTA step 6 

— 

6.94E+00 

— 


PET synthesis 

1.09E+01 

1.09E+01 

E09E+01 


Total 

8.19E+01 

6.72E+01 

4.78E+01 

Mineral extraction 

MEG synthesis 

5.83E-03 

5.83E-03 

5.83E-03 

MJ surplus energy 

PTA step 1 

3.09E-02 

1.69E-02 

3.26E-03 


PTA step 2 

1.00E-03 

6.37E-04 

2.88E-04 


PTA step 3 

242E-03 

2.27E-04 

242E-03 


PTA step 4 

— 

6.33E-05 

— 


PTA step 5 

— 

3.69E-05 

— 


PTA step 6 

— 

2.42E-03 

— 


PET synthesis 

8.70E-04 

8.70E-04 

8.70E-04 


Total 

4.11E-02 

2.70E-02 

1.27E-02 
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Fig. 3 Comparison of LCIA results for PET production for the three PTA scenarios, petro-based PET, and partially bio-based PET (MEG bio, PTA petro) 


had lower impacts than the muconic acid scenario for aquatic 
acidification, nonrenewable energy, and mineral extraction, 
but the muconic acid scenario had lower impacts in aquatic 
eutrophication. The butanol scenario had slightly lower im¬ 
pacts than muconic acid for global warming, and muconic 
acid for terrestrical acidification/nitrification, but these differ¬ 
ences were judged too small to be significant. 

As discussed, wheat stover, com, and poplar were the 
biomass sources for this study (Fig. 2). Production of PTA 
for 1 kg PET resin required 4.41 kg of wheat stover, 3.25 kg of 
com, or 5.05 kg of poplar. Production of MEG for 1 kg of PET 
resin required 1.05 kg of com. In the initial cradle-to-gate 
estimation using Impact 2002+, no credit was provided for 
C0 2 uptake for growing the bio-based feedstock materials. To 
examine this effect, an additional analysis was done assigning 
carbon credits by modifying the characterization factors for 
“C0 2 , in air” and “C0 2 , biogenic” in Impact 2002+ from 
“0 kg C0 2 -eq/kg” to “1 kg C0 2 -eq/kg.” (When the character¬ 
ization factor is 0, no carbon credit is applied; a characteriza¬ 
tion factor of 1 applies the full amount of carbon uptake as a 
carbon credit.) The amount of C0 2 absorption for the muconic 
acid pathway was estimated using the carbon content of the 
muconic acid, as the available data did not allow us to separate 
biotic C0 2 from other operationally related C0 2 . For the 
butanol pathway, C0 2 uptake from the Ecoinvent com inven¬ 
tory database was used. For the BTX pathway, literature 
values were used (Gonzalez-Garcia et al. 2010). Figure 4 
shows that the C0 2 credit reduced the global warming impact 
for the 100 % bio-based resins, as expected, but it still 
remained higher than for the petroleum-based and partially 
bio-based PET. 

To further evaluate the robustness of the comparisons, the 
LCIA results were evaluated for data uncertainty using Monte 
Carlo simulation (1,000 mns). Details of the scores for the 
pedigree matrix are provided in the Electronic supplementary 
material available online. Figure 5 shows the results for global 
warming. Results were similar for the other categories. 
Standard deviations were calculated using a pedigree matrix 


(available in Electronic supplementary material and in 
Akanuma 2013). These results suggest that the production of 
PET through the poplar to BTX pathway provides the most 
promising pathway of the three approaches examined for 
production of 100 % bio-based PET with reduced environ¬ 
mental burdens. However, caution must be used in judgments 
about the relative impacts of the differing PTA scenarios since 
they used different feedstocks. The initial PTA step dominated 
the impacts in most categories, and data available did not 
permit separation of the feedstock contributions from those 
of the first chemical conversion. Therefore, it was not possible 
to separate how much of the difference was due to the feed¬ 
stocks and how much due to the chemical pathways. 

4 Conclusions 

Selected environmental impacts of producing bio-based PET 
through three different bio-based PTA pathways (1) muconic 
acid beginning with wheat stover, (2) isobutanol beginning 


8 |- 

without biogenic C02 credit with biogenic C02 credit 



Petro-based Bio based PTA PTA PTA 

resin MEG scenario 1 scenario 2 scenario 3 

resin resin resin resin 

(Muconic acid) (Isobutanol) (BTX) 

Fig. 4 Comparison of the results with/without biologically related C0 2 
credit for the production of 1 kg PET resin 
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Petro based resin 



Bio based MEG 
resin 

PTA scenario 1 
resin (Muconic 
acid) 

PTA scenario 2 
resin (Butanol) 

PTA scenario 3 
resin (BTX) 


Fig. 5 Impact results for global warming index including data variation 
among five scenarios {bars with different letters are statistically different 
P<0.05) 


with com, and (3) BTX beginning with poplar chips were 
compared, using estimations for a number of processes for 
which no LCI data is available. Among the three scenarios, 
production of 100 % bio-based resin through the poplar-BTX 
pathway had the lowest estimated environmental impacts. For 
all the PTA scenarios, the first production step (from biomass 
to the 1 st intermediate) usually was the largest contributor to 
the impacts. Since the biomass feedstocks used in this study 
differed, future research should focus on evaluating the im¬ 
pact of different bio-based materials that are suitable as 
feedstocks. For example, the use of agricultural by-products 
as biomass feedstocks might reduce the environmental bur¬ 
den significantly, which could reduce the environmental bur¬ 
den enough to be comparable to or smaller than the 
petroleum-based resin. Another important area is develop¬ 
ment of more accurate LCI data for the various processes 
involved. Ideally, data for state-of-the-art commercial scale 
operations would be used. This is obviously impossible when 
the various processes involved have not reached that state of 
development. As further research is done on development of 
bio-based PTA, LCI data should be collected for these pro¬ 
cesses, so it can be used to better compare the environmental 
profiles of these alternatives. As discussed in Hetherington 
et al. (2014), there are good reasons to use LCA as a guide 
during efforts to develop products and processes with reduced 
environmental impacts. 

Another issue that should be addressed is the consequences 
of further use of biomass sources for production of PET. The 
effects of changing land use, in particular, are increasingly 
being examined in consequential LCAs-CLCA (e.g. Hertel 
et al. 2010; Searchinger et al. 2008). The whole field of 
consequential LCA is of increasing interest (e.g. Vazquez- 
Rowe et al. 2013). While this study is confined to the attribu- 
tional approach, CLCA needs to be used to inform the larger 
discussion of increased use of bio-based feedstocks for com¬ 
modity plastics. 
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